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vectorlike SU(2)l doublet leptons which may originate in Eg. The effects of this lepton mixing 



o 
o 



are, however, suppressed naturally by the hierarchy of the charged lepton masses. In the super- 



& symmetric model, significant effects of lepton flavor violation may appear rather through slepton 

mixing, which is in the present case generated by radiative corrections with ordinary-exotic lep- 
ton couplings. We are especially interested in the \x — > decay. In the model without the bare 
mass term of vectorlike leptons, the supersymmetric contributions are rather suppressed due to the 
approximate U(l) e x U(l) . It is, however, remarkable that they are substantially enhanced by 
tan 6 /3. Then, Br(/i — > cy) might be comparable to the experimental bound for large tan/3. In the 
model with the bare mass term, much larger contributions are obtained through slepton mixing. 
These investigations show that the supersymmetric effects on lepton flavor violation due to the 
vectorlike leptons can be observed in the near future experiments. 

PACS numbers: 14.60.Hi, 11.30.Fs, 12.60.Jv, 13.35.Bv 
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I. INTRODUCTION 



The E 6 supersymmetric (SUSY) grand unified theory (GUT) and the E 8 x Eg superstring 
theory are good candidates for unified theories of elementary particle physics. While such 
theories manifest themselves at the ultrahigh energy scale (> 10 16 GeV), it is natural to 
expect that they have some effects on physics at the electroweak scale (~ 10 2 GeV) 0. It 
is, however, difficult to determine precisely what effective theory actually appears at the 
electroweak scale. This may be understood by considering the facts that the E 6 SUSY GUT 
has many possible symmetry breaking patterns and that the superstring theory has many 
possible compactification patterns. Hence, in the present experimental circumstances, it 
will not be so useful to perform detailed investigations on specific models. We are rather 
interested in the general aspects of the low-energy effects of the unified theories. Particu- 
larly, in this article we study the effects on lepton physics at the electroweak scale. In the 
standard model, the lepton number and flavor are conserved automatically. Hence, if the 
processes violating these quantum numbers are observed, including the neutrino masses and 
oscillations, fi —>■ &y, fi —>■ 3e, and so on, they indeed provide important information of new 
physics above the electroweak scale. 

In the supersymmetric models with supergravity scenario ||, which would be derived from 
the unified theories, the renormalization effects on the soft supersymmetry breaking terms 
may induce sizable lepton flavor violation. These lepton flavor violating renormalization 
effects are actually obtained in the SUSY GUT |3|, [|, B] and the minimal supersymmetric 
standard model (MSSM) with heavy right-handed neutrinos |7|, Here, as another 
intriguing possibility for lepton flavor violation, we investigate the supersymmetric standard 
model incorporating vectorlike SU(2)l doublet leptons || [10[| . Especially, the significant 
slepton mixing may be generated by radiative corrections with the couplings between the 
ordinary leptons and these exotic leptons. It is remarkable that this new physics with exotic 
leptons can be discovered just around the electroweak scale in contrast to the cases of GUT 
and right-handed neutrinos. 

The present model is motivated by the E 6 type unification. The E 6 27 representation 
contains one generation of the ordinary quarks and leptons in the standard model, the 
vectorlike SU(2) L singlet quarks, the vectorlike SU(2) L doublet leptons, the right-handed 
neutrino, and the SU(2)l singlet Higgs field. The ordinary left-handed neutrinos may acquire 
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Majorana masses through the seesaw mechanism with the right-handed neutrinos [11|. These 
ordinary neutrino masses can be very small as required phenomenologically, if the right- 
handed neutrinos are superheavy or if they have extremely small Yukawa couplings with the 
left-handed lepton doublets. Hence, given the small ordinary neutrino masses, we do not 
consider further the effects of the right-handed neutrinos in the electroweak physics. In this 
investigation, we concentrate on the lepton flavor violating effects of the vectorlike lepton 
doublets (L, L c ) and their scalar superpartners. Specifically, these supersymmetric effects of 
the exotic leptons may provide the significant Br(/i — > ej), while the lepton flavor changing 
neutral currents (FCNC's) at the tree level are suppressed naturally by the hierarchy of the 
charged lepton masses. 

The down type quark singlets (D c , D) ~ 3^ + 3c are also present in the E 6 unification, 
which may form the 5 + 5 of SU(5) subgroup with (L, L c ) ~ 2l + 2l. The survival of these 
exotic particles to the electroweak scale depends on the symmetry breakings. The 2l-3c 
mass splitting in the 5 can be realized with suitable Higgs multiplets, e.g. the 351 of E 6 
including the 24 of SU(5), as usually considered to obtain the light SU(2)l doublet Higgs 
field. Hence, it is possible that (L, L c ) survive while (D c , D) become superheavy in the 27. It 
may also be considered in the superstring theory that (L, L c ) become light while (D c , D) do 
not in the 27 + 27. On the other hand, (D c , D) and (L, L c ) are expected to survive together 
for the gauge coupling unification. Even in this case, (D c , D) and (L, L c ) may originate in 
different 27's and/or (27 + 27) 's. Then, it should be noted in these cases, whether (D c , D) 
survive or not, that the simple Eq relations no longer hold for the Yukawa couplings after 
the Eg breaking. In particular, the flavor violating couplings with (L, L c ) may be described 
independently of those with (D C ,D). Given this general situation, we concentrate on the 
lepton flavor violation with (L, L c ) in the present article. A detailed examination of the 
quark flavor violation with (D C ,D), particularly the supersymmetric effects, is reserved for 



a separate publication. (Such supersymmetric effects are investigated in Ref.[]T0f in a context 
different from the present one.) Of course, if (D C ,D) and (L,L C ) originate in the same 27, 
the flavor violating effects of these exotic leptons and quarks will be provided from some 
common E 6 coupling. In this specific case, the calculations made in the present analysis 
for the lepton flavor violation such as /i — > can be extended readily for the quark flavor 
violation such as K°-K° mixing. Simple order estimates, as will be quoted occasionally in 
the text, indicate that the constraints from the quark flavor violating effects are in fact less 
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stringent than those from the lepton flavor violating effects. 

This paper is organized as follows. In Section II, we describe the lepton mixing in the 
presence of vectorlike lepton doublets. Then, the contributions to Br(/x — > cy) due to 
the ordinary-exotic lepton mixing are shown to be negligibly small. In Section III, we 
investigate the slepton mixing generated by radiative corrections with the ordinary-exotic 
lepton couplings. Significant contributions to Br(/x — > ej) can be obtained from this slepton 
mixing. Section IV is devoted to the summary. 



II. THE LEPTON MIXING 



In this section, we describe the lepton mixing including the vectorlike lepton doublets, 
which contributes to the lepton flavor changing processes such as fi — > cy. We show that the 
modification of the gauge interactions provided by this lepton mixing is fairly suppressed 
even if the relevant flavor violating Yukawa couplings take significant values. This feature 
is indeed attributed to the mass hierarchy between ordinary leptons and exotic leptons. 

The ordinary leptons are represented by U = [y^ti) and e\ with the subscript i = 1, 2, 3 
for the generations. The vectorlike leptons and singlet Higgs field are also listed as follows 
with their quantum numbers of the SU(2)l x U(l) y : 



L = L 



E 




:(2,-l/2), L c = :(2,l/2), S : (1,0). (1) 



We here describe the case with one generation of L and L c for simplicity. It is straightfor- 
ward to extend the analysis for several generations of vectorlike leptons, and similar results 
are obtained for the lepton flavor violating processes. We examine two typical models in 
the following, for which distinct results will be obtained concerning the supersymmetric 
contributions to the lepton number violating processes such as /i — > ej. 

In the first model, the superpotential relevant for the leptonic superfields is given by 

W = \\ 3 l a H x e) + \f l a L c S + \zH x H 2 S + y S 3 , (2) 

where a — i,4 and i,j = 1,2,3. The Higgs fields include the pair of SU(2) L doublets H 1 
and H 2 and the singlet S. The vacuum expectation value (VEV) of S gives the mass terms 
involving the exotic lepton doublets L and L c as well as the // term for the Higgs doublets 
Hi and H 2 . The i?-parity invariance is assumed for the lepton number conservation. The 



Z3 symmetry is also assumed to exclude the mass term of S which is independent of the 
electroweak scale. (The cosmological domain wall problem associated with the spontaneous 
breaking of Z 3 may be evaded by introducing small explicit breaking in the higher order 
terms.) The coupling matrices in eq.(Q) may be simplified without loss of generality by 
redefinition of the relevant fields at some unification scale such as the gravitational scale 
Mq. The elements A 4,7 in the 4x3 coupling matrix Ai can be eliminated by an appropriate 
unitary transformation among the left-handed doublets Zj and Z4 = L. Then, the submatrix 
Xi can be diagonalized by a redefinition of the ordinary leptons. Accordingly, we may take 
/ 



Ai(M G 



SijX 1 





(3) 



Furthermore, the components of Ai — A4 can all be made real and non-negative. 

In the second model, the above form of Ai is realized in terms of another Z 3 , under which 
the nontrivial transformations of the relevant fields are given by 



L -> uL, L c -> u*L c , S -> uS, H 2 -> u*H- 



(4) 



with uj 3 — 1. Then, we have a bare mass term for L and L c by making the following 
replacement in the superpotential (0): 



XfLL c S [model (1)] -> M L LL C [model (2)] 



(5) 



In the lepton basis where the Ai(Mq) is given by eq.(§), the ordinary-exotic lepton cou- 
plings \ l 2 provide the source of lepton flavor violation. The lepton flavor violating elements 
in Ai are then generated at My/ through the renormalization group evolution with these 
couplings AJ, 4 . The renormalization group equations for the Yukawa couplings are given in 
the model (1) by 

d , a j _ 1 



3EEAfAfA^ + £A^AfA fe 2 4 

. fc=l 6=1 6=1 
4 3 



+K J E E( A f) 2 + A3 + 3A4 > - \? (3gl + Sgf] 



,6=1 k=i 



(6) 



„ d \ ai 



(47T) 



Xf |4E(A fe 2 4 ) 2 + 2A^ + 2A^ 
+ E E ^2 4 Af Af - Af (3^ + gl) 



6=1 i=l 



(7) 
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The renormalization group equations in the model (2) are also obtained by setting X^ 4 = 
in the above equations. Then, we have the leading corrections for the off-diagonal elements 
of the Ai coupling as 

K\M W ) - Af (Mo) ~ *AM*A5* log ^ (a ^ j) . (8) 

Hence, even if A" J (M G ) = (a ^ j) at M G as given in eq.(|3]), these flavor changing elements 
of the Ai coupling arise at My/. It should here be remarked that these corrections for Ai are 
in fact proportional to the corresponding diagonal elements A{ J . It should also be mentioned 
that in the model (2) Af 5 ' = and Af 4 = 0, which is ensured by the Z 3 symmetry (^). 

The mass terms of the leptons are produced by the vacuum expectation values (VEV's) 
of the Higgs fields, 

(#i>= I , (H 2 ) = I " I , (S)=v 3 , (9) 





where v — (vf + ff) 1 / 2 — 174GeV and tan/3 = v%jv\. These VEV's may acquire nonvan- 
ishing phases introducing a new source of CP violation. We, however, do not consider this 
possibility for simplicity, and therefore take the real VEV's. Then, the charged lepton mass 
matrix is given at My/ by 

/ A{V Xfv 3 \ , s 

M £ = 4 ■ ( 10 ) 

^X^vx Xfv 3 J 

It should here be remembered that X^v 3 — > M^ in the model (2). This 4x4 real matrix is 
diagonalized by two orthogonal matrices U £ and Vg as 



UjM £ V £ = diag.(m e , m M , m T , M E ) . (11) 



The neutral lepton mass matrix is also produced as 



This 4x1 real matrix is diagonalized with an orthogonal matrix Oj^ as 



(12) 




M M M = • (13) 
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The masses of the ordinary charged leptons are given by 

m ei ~ A>i , (14) 

where the radiative corrections (j^) for the Ai coupling are considered. The masses of the 
exotic leptons are also given by 

1/2 



M E ~ M N = r A 



aA\2 
2 

.0=1 



(15) 



The zero modes in eq. (p~3|) are the three generations of ordinary neutrinos. It is noticed 
that the orthogonal matrix is not determined uniquely at this stage. An arbitrary 3x3 
transformation, say 0' v , to redefine the (approximately) massless ordinary neutrinos can 
be incorporated in O^. The ordinary neutrinos may acquire very small Majorana masses 
through the seesaw mechanism with the right-handed neutrinos of SU(2)l singlet. Then, 
the neutrino mixing matrix is determined completely. 

We here consider some relevant properties of the transformation matrices Us, Vs, and 
Oj^. First, the orthogonal transformation Vs, which represents the right-handed charged 
lepton mixing, diagonalizes the matrix MjMs- By considering the structure of Mj Ms from 
eq.flTOD with eq.(|8]), the right-handed ordinary-exotic lepton mixing in Vs, which is relevant 
for describing the gauge interactions as seen below, is estimated in the leading order (with 
M E ~ v 3 for definiteness) as 

(VsU - -(Ye)* ~ (m e jM E )\% . (16) 

It should here be remarked that the right-handed lepton mixing effects are suppressed suffi- 
ciently by the mass ratios m ei jM E with the experimental bound Me > 97.0 GeV ]12|| , even 
if the ordinary-exotic lepton couplings A^ 4 take significant values. On the other hand, the 
left-handed ordinary-exotic lepton mixings in Us and Ox are estimated as 

(UsU - ~(Ush ^ (OxU - -(OMODji ~ Xf , (17) 

where the ambiguity in as mentioned above is extracted explicitly by suitably choosing 
the orthogonal transformation 0' u of the ordinary neutrinos. These left-handed mixings are 
no longer suppressed by m e jME- Here, we note the similarity between Us for the charged 
leptons and for the neutral leptons. In fact, the effective combination of left-handed 
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lepton mixing is estimated as 

(UjO M ) u ~ -{u]0 M ) A] {0' v ) 3i ~ (m e jM E ) 2 \^ , (18) 
(C/JO^) ifc (0^) fej - <% ~ (m e jM E )(m e jM E )\i?\i 4 . (19) 

This similarity of the left-handed lepton mixings described in terms of the A 2 4 couplings and 
the ordinary-exotic lepton mass ratios is indeed stable against the radiative corrections. It 
can be understood by noting the following facts, (i) By setting Af = at Mq in eq.(^), we 
have XI 3 = at any scales as seen from eq.(§). Then, Ms essentially coincides with Mjy, 
and they are diagonalized with the left-handed lepton transformation Us — 0^ to eliminate 
the A 2 4 t>3 term, (ii) The change Ai — ► — Ai of the Yukawa coupling in Ms is compensated 
by the change el — > —el of the right-handed ordinary leptons. This means that the sign 
change of Ai does not affect the left-handed lepton mixing. Hence, by considering (i) and 
(ii) we find that the difference between Us and should appear at the second order of 
\\ 3 {M W ) ~ \\ 3 ~ m e Jv\. (iii) By setting A 2 4 (M G ) = so that A 2 4 = at any scales, the 
Ai coupling remains to be diagonal even if the radiative corrections are included. Hence, in 
this limit with A 2 4 = 0, Ms and Mjj are diagonal, and the complete similarity follows with 
Us = Oj^f = 1 4 (4x4 unit matrix). 

It can be shown that the flavor violating gauge couplings of leptons are suppressed nat- 
urally due to the smallness of (Vs)u and the similarity between Us and Oj^. The charged 
gauge interaction coupled to W boson is given by 

c w = {uJo N ) ab B al »p h N b w; + f| (y e ) 4a E a 'fp B x 4 w- + h.c , (20) 

where £ a = (e«, E) and M a = (ui, N) (a = 1 — 4) represent the four- component Dirac spinors 
of the lepton mass eigenstates, and Pl and Pr are the chiral projections to the left-handed 
and right-handed parts, respectively. This charged gauge interaction is relevant for the 
fi — > e7 decay. The lepton flavor violating terms with the factors (UjOj^) a b (a ^ b) are 
apparently induced in the left-handed couplings of eq.(^). However, due to the similarity 
between Us and O^- as shown in eqs.([Tj|) and ([H5j), they are almost rotated out with the 
suitable redefinition 0' v of the ordinary neutrinos neglecting the tiny neutrino masses m Vi . 
The flavor changing right-handed couplings are also suppressed by the small factors (Vs)u, as 
shown in eq.fllfip. Hence, the effects of the charged gauge interaction appear to be extremely 
small for the lepton flavor violating processes. 
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The neutral gauge interaction of charged leptons coupled to Z boson is given by 
£z = £° z + \ (92 cos9 w + 9l sm6 w ) {V £ ) ia {V £ ) Ab £ a YPR£bZ^ , (21) 

where C° z represents the usual flavor diagonal part which is obtained by turning off the 
ordinary-exotic lepton mixing. The lepton flavor violating term appears only in the right- 
handed couplings of eq.(^). This is because the left-handed leptons all form the SU(2)l dou- 
blets. Since the FCNC's of ordinary leptons in eq. (|2~l"D are proportional to (V^^CVe)^, their 
effects are fairly suppressed by the small mass ratios (m e J M E ){m e . / M E ). If the quark sin- 
glets (D c , D) are also present, they may have the flavor violating coupling which has the com- 
mon Eg origin with the A2 coupling of (L, L c ). In this case, the FCNC's of ordinary quarks 
appear as well to be negligibly small due to the suppression factors (m d ./M D )(m d ./M D ). 

We now estimate the contributions to the \x — > ej decay which are provided by these 
gauge interactions. We will in fact observe below that these contributions are negligibly 
small. The decay amplitude of \i — > e^j is generally given by 

T(ji -> erf) = ee a *u e (p - q) [ta Ql3 q^A L P L + A R P R )] « M (p) . (22) 
Then, the decay rate is calculated by 

Ity - ery) = ^ m V\M 2 + \Ar\ 2 ) ■ (23) 

The contributions to the amplitudes and A R are provided by the one-loop diagrams 
with the intermediate states of the neural leptons (W mediated) and charged leptons (Z 
mediated). We can see from eqs.([T6|) - (|19|) that all these diagrams include the significant 
suppression factor (m e /M E )(m fl /M E ) ~ 1CT 8 . Then, the W and Z contributions to the 
decay amplitude are given by 

4!S ~ 4 z r ~ 1 5 m : m \ \?\? . (24) 

Therefore, the flavor violating gauge couplings induced by the ordinary-exotic lepton mixing 
provide tiny contributions ~ 1CT 21 to the branching ratio Br(/i — > e~f). This feature is 
actually confirmed by numerical calculations. 



III. THE SLEPTON MIXING 



In the supersymmetric model, significant effects of flavor violation may be obtained 
through the slepton mixing. It is expected that the supersymmetry breaking is pro- 
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vided in the minimal supergravity model with the soft terms at the gravitational scale 
Mg ~ 10 18 GeV, including the common slepton masses squared rrij ab = m oS a b, etc., the A 
terms = aom^Xk, and the gaugino masses m\ and m 2 . We have seen that in the present 
sort of models the original source of lepton flavor violation is the ordinary-exotic lepton 
couplings A 2 4 . At the tree- level with the universal soft supersymmetry breaking terms, how- 
ever, the flavor violating effects of these couplings are still suppressed by the ordinary-exotic 
lepton mass ratios m e jM.Ei since the lepton and slepton mass matrices are diagonalized 
simultaneously in this limit. Significant effects of flavor violation are rather provided from 
the radiative corrections on the soft terms which are generated with the ordinary-exotic 
lepton couplings A 2 4 . 

The soft mass terms and A-terms at the electroweak scale My/ deviate from the universal 



forms through the renormalization group evolution [13]. In the leading order approximation 
the corrections are given for the model (1) by 



Am 

i aa 



Am- . 

I ab 



Ami 



Am\ c 



(4 



7T 



2m, 



g(3 + al) {(AD 2 + (Af ) 2 } - (6m 2 2 g 2 2 + 2m 2 1 g 2 1 )} log 



Mr 



M\ 



w 



1 mg(3 + ^)AfAriog M; 



AAf 



(4?r 

(4vr) 2 
1 

~(4tt) 2 
1 

~(4tt) 2 
-3a m (gj 



Mi 



4m 2 (A 1 T (3 + a 



8gfml log 



M G 



Mi 



IV 



2m 2 (3 + a 2 ) £(A« 4 ) 2 - (6g 2 m 2 2 + 2g\m\) 



a=l 



Mi 



w 



(25) 
(26) 
(27) 
(28) 



At 



3a m <| (A 2 4 ) 2 + A 2 + 3A 2 + 3(A?) 2 + £(Af ) 2 

3=1 



0?) 



AA" 



AAf 



(Ait) 2 
1 



a m AfAfAflo 



6(sf 2 m 2 + g\m x 
M G 



log 



M, 



G 



M 



IV 



M 



IV 



(29) 
(30) 



:A 



ai 



3a m { 4]T(A* 4 ) 2 + 2A 2 + 2A 2 + (Af) 2 

M G 



6=1 



(4tt) 2 2 

-a m (3gl + g\) - 2(3sf 2 m 2 + gjmj 



log 



M 



IV 



(31) 



We should set A 4 . 4 



for the model (2) in these formulas. Because of these radiative 
corrections, the slepton mass matrices and the corresponding lepton mass matrices are no 
longer diagonalized simultaneously, providing the new source of lepton flavor violation in 
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the slepton mixing. Then, this slepton mixing is expected to contribute significantly to the 
jj, — > cy decay. The lepton-slepton interactions with the neutralinos ^ (a = 1 — and the 
charginos xt ( K = 1> 2), which are relevant for /i — > ej, are given, respectively, by 



= Nf aA £aPRX Q jA + N^ A S a P LX °J A + h.C. 

and 



Cf KK S a P RX -AfK + C^aPLX^K + h.C. 



(32) 



(33) 



where £ A (A = 1 — 8) and Nk (K = 1 — 5) are the slepton mass eigenstates. The coupling 
coefficients are given in terms of the transformation matrices to diagonalize the mass matrices 
of leptons, sleptons, charginos, and neutralinos. 

We here evaluate the decay rate of /i — > which is provided by the slepton mixing. By 
calculating the one-loop diagrams for the fi — » ey process mediated by the neutralinos and 
charginos, as shown in fig.[l|, we obtain the contributions to the decay amplitudes 

'-1. ^^.1^.1/1^,1) + ^ 



A 



(a) 



32tt< 



A,a 



^Nf aA N^ A h{x aA ) + ^N? aA N£ A f 2 {x aA ) 



£a 



A 



(n) 



A^(R^L), 



.4 



(c) 



32tp 



E 

K,K 



m R R M ~ R L 

C\ K KCiKKft.{ x nK) + -r7^C XKK C 2 * K f i {x RK ) 



Ml 



M l 



4 C) = a£\r^l) 



(34) 

(35) 
(36) 

(37) 
2 . We 



where f\ — / 4 are certain functions of x aA = (M x o/M^) 2 and x k k 
estimate below Br(/i — > ej) with these contributions for the model (1) and (2). We will see 
that these models provide quite different results. In fact, these supersymmetric contributions 
are rather suppressed in the model (1) with the extra factor involving m e as well as m^. 



A. Model (1) 



The charged slepton mass matrix is given as 



Mj Ml 
\ Mj MJ 



(38) 



where L and R represent the chirality of the corresponding leptons. The neutral slepton 
mass matrix is also given in a similar form. In order to see the flavor changing structure of 
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the lepton-slepton-gaugino interactions, it is suitable to transform this slepton mass matrix 
by the orthogonal matrices which diagonalize the lepton mass matrix: 

(39) 



M 



UJ 



v? 




The universality for the soft supersymmetry breaking at Mq is violated at Mw due to the 
renormalization group effects. Then, the reduced slepton mass matrix -M|' involves the 
flavor changing elements. 

In the model (1), the components of the slepton mass matrix are given including the 
renormalization group effects as 



MJ ll = x LL M £ M £ L + y LL m 2 U + K 



V 



Mj 



(Mj ^ 



4 L (Af) 2 



(40) 



Mj 

£RR 



x LR m M £ + x' LR m ( 
x RR MjM £ + y RR mll 4 + z RR ml 



m r 



^j/lrAi S'lr(Ai) 2 




<% c rr(Ai 





to 




C 




+ ml 












(41) 
(42) 



where xll, ... ~ 1 are the relevant parameters. The terms proportional to the 4x4 unit 
matrix I4 as well as those given by the charged lepton mass matrix M £ are diagonalized 
by the transformation in eq.(^). The term given by the neutral lepton mass matrix Mj^ 
is almost diagonalized by the similarity of UjOj^. The third term of eq. fl4"2]) provides a 
contribution (V £ ) AiiYe) Aj for the slepton mixing, which is substantially suppressed by the 
lepton mass ratios (m e J ME)(m ej / Me). The remaining terms involve the Yukawa couplings 
A" ~ m e Jv\. Among these contributions in the model (1), the significant flavor mixing 
arises from the fourth term of eq.(^) in the right-handed charged slepton sector as 



jj 



(43) 



It is here noted that the right-handed ordinary charged lepton mixing induced by the 
ordinary-exotic lepton mixing is related to the charged lepton masses as 
m P .m P 



£)ij 



A^ 4 (i ^ j) 



ml. + m 2 



(44) 
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By considering these arguments on the slepton mixing, the dominant contribution from 
the neutralino couplings to the decay amplitude of \i — > e^y is estimated as 

,(n) 1 A 3 Af 2 V2^3 / x 22\2/ / \ \ 14 \ 24 ( A r\ 

A i ~ —3 (Ai ) {m e /m ll )X 2 A 2 . (45) 

Here, the right-handed jl c -e c slepton mixing ~ (A 22 ) 2 ^)^ given by eqs.(pE5D and (Q) is 
used for the e^-jl c -x Q vertex, and the chirality flip ~ AaA 22 -^^ of the intermediate jl state 
is provided by the | Fh 1 | 2 term. The chargino couplings provide a contribution of the same 
order as eq.(^), where the chirality flipping N-e c slepton mixing given by (OjM 2 ^ R ) 4 i/m ~ 
(m e /mo) tan/JAj 4 is used for the e^-N-xo vertex, and the the left-handed N-v^ slepton 
mixing in the intermediate state is provided by (OjMj-^^/m 2 , ~ {m^/M w ) 2 tan/JA 2 . 4 . 
Accordingly, in the model (1) the contributions to the decay amplitude are dominantly 
given by 

|(«0 ~, 1 .^a m e m l X 14x24 

^w m o 

where v% ~ m is considered for definiteness. These contributions should be compared 
to the non-supersymmetric contributions given in eq. (f24"|) . Although these supersymmetric 
contributions have the specific dependence on the relevant lepton masses similar to eq.(^), 
it can be enhanced significantly by the power of tan f3. We roughly estimate the branching 
ratio as 

3a R „ l m P m„ \ . 



^~^~^ 3 « A ^, (46) 



~ 10"" (tan/? ~ 20 , \ 2 ~ Af ~ 0.3) . (47) 

It should here be remarked as seen in eq.( [l~6|) that in the model (1) the chirality of the 
charged leptons is mainly specified as /i£ — > e^7. 

The dependence of the decay amplitudes on both m e and m M , as seen in eq.([4~6D, can 
be understood as follows by means of approximate flavor symmetries. Set X\ 1 (Mq) = in 
eq.(|3]). Then, we can make A<j, 4 (MG) = by a suitable transformation of the left-handed 
lepton doublets l\ and U = L, while keeping Ai(Mg) with Ap(Mc) = 0. In this limit, 
a flavor symmetry U(l) e appears under the phase transformation l\ — > e ta l\ and e\ — > 
e" M eJ. If the universal form is assumed for the supersymmetry breaking terms at Mq, this 
flavor symmetry U(l) is still preserved in the limit A^(Mg) = 0. This is the case even 
if the renormalization group corrections are included. Therefore, we find that in the limit 
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X\ 1 (Mq) = corresponding to m e = 0, the /z — > ey decay is prevented for the electron 
number conservation by the U(l) e . Similarly, the decay amplitudes of fi — > ej depend on 
m M as well due to the approximate U(l) symmetry. It should further be remarked that even 
for the case with several pairs of vectorlike lepton doublets, the fi — > ej decay amplitudes 
are dominantly given by eq.([4"6]) in the model (1) without the bare mass term MiLL c . This 
can be justified by extending readily the above symmetry argument. 



In order to confirm the estimate of Br(/i — > ey) given in eq.fl47D, we have made numerical 
calculations by taking reasonable values of the model parameters. In the model (1), the 
most important parameters are tan/3 and AJ, 4 for the ordinary-exotic lepton mixing. The 
values of Xf are determined so as to reproduce the actual lepton masses m e , m^, m T . The 
exotic leptons E and N have typically the masses Me — ~ lOOGeV by taking A 44 ~ 0.3 
and v 3 ~ 500GeV. 

In fig.0, Br(/i — > ey) is shown as a function of A.!, 4 A 2 , 4 by taking randomly the values 
of \ l 2- We have also taken typically tan/3 = 20, v 3 = 500GeV, m = lOOGeV, a = 1, 
mi = lOOGeV, A^ 4 = 0.3, A3 = 0.6 and A4 = 0.5. It is clearly observed in figfj that 
Br(/i — > ej) is roughly proportional to (A^Af 4 ) 2 , as indicated in eq. (^7|) . 

The relation between Br(/i — > ej) and tan/3 is shown in fig.|3|. Here, we have taken 
typically v 3 = 500GeV, m = 200GeV, a = 0, m x = 200GeV, Xf = 0.3, A 3 = 0.6 and 
A 4 = 0.5. This result indicates the strong tan/3 dependence as Br(/i — ► e-y) oc tan 6 /3. It is, 
in particular, interesting that if tan/3 is larger than 20, Br(/i — > ey) might be comparable 
to the experimental bound 1.2 x 10~ n fli . 



As for the fi — > 3e decay, the penguin diagrams associated with fig.|l| provide dominant 
contributions in the present model with Br(/x — > 3e)/Br(/x — > ej) ~7x 10" 3 , as is usually 
the case 0. The tree-level Z mediated FCNC's given in eq.(|2TD provide only a contribution 
smaller by a few orders. We have also the supersymmetric contributions to r — >• ey and 
r — > /i7, which are estimated in eq.(^7|) by replacing the relevant charged lepton masses and 
the Ag 4 couplings. In particular, Br(r — > /ry) is enhanced as 



2 

-) 



Br(r — > ivy) ~ ( — - — - ] Br(/i — >■ ery) 



IQ- 7 (tan/3 ~ 20 , A^ 4 ~ A^ 4 ~ 0.3) , (48) 



which can be comparable to the experimental bound 1.1 x 10 [15]. Therefore, in the model 



(1) the r — > /ry decay seems to be more promising to observe the lepton flavor violation due 
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to the ordinary-exotic lepton mixing with supersymmetry. 

The A2 coupling may also contribute to the flavor violation in the quark sector if 
the quark singlets (D c , D) survive as well to the electroweak scale in the E 6 unifica- 
tion. Then, we have dominantly the right-handed squark mixings such as (Mi' ) 12/^0 ~ 

^- R R, 

(m s m^/v 2 )A2 4 A| 4 tan 2 (3 ~ lO^A^A 2 , 4 tan 2 (3, which are the same as the right-handed slepton 



mixings given in eqs.(H3|) with (H). It is clearly found that even for tan/3 ~ 50 this squark 



mixing is much smaller than the bound ~ 10 2 obtained from the K°-K° system ||16|| . 
B. Model (2) 

In the model (2), we have more significant contributions for the right-handed decay ampli- 
tudes. This is because the U(l) e x U(l)^ considered in the case of model (1) is substantially 
violated due to the presence of bare mass term M^LL of the vectorlike lepton doublets. Ac- 
tually, the soft supersymmetry breaking mass terms for the ordinary slepton doublets I and 
the vectorlike slepton doublet L acquire the renormalization group corrections in somewhat 
different way with A 44 = 0. Then, we have an extra terms for Mj and M 2 ~, as 

■-ll>»« I ° ° I - ML , il^ . (49) 



1 

This extra term provides the significant mixing for the left-handed sleptons as 

[Ml^/ml ~ (M$ Li >/m 2 ~ {Uj)^U g ) i3 ~ A^ 2 4 , (50) 

where the similarity Us ~ is considered. These left-handed slepton mixings can be taken 
for the one-loop diagrams similar to those considered in the model (1) with chirality change 
L <-> R. Then, we obtain the contributions to the \i — > decay amplitude as 

4 n) ~4 C) ~-^tan/^ 4 A 24 . (51) 

It is here important that these supersymmetric contributions are no longer suppressed by 
the very small extra factor m e m M /M^ as seen in eq.(^) for the model (1). We roughly 
estimate the branching ratio as 

3a n „ ( M w \ 4 /, i/i . oi\2 



m 

1Q- U (tan/5 ~ 1 , A* 4 ~ A 24 ~ 0.01) . (52) 
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As seen in eq.(^T|), the chirality of the charged leptons is mainly specified as /% — > e^7 in 
the model (2) contrary to the case of model (1). It is also mentioned that this significant 
super symmetric contribution to Br(/i — > cy) may be obtained even in the model (1), if the 
soft slepton masses squared m| are different between li and Z 4 = L already at Mq for some 
reason. 

We have also made numerical calculations to evaluate Br(jU — > ey) in the model (2) with 
the bare mass term, which is expected to be much larger than in the model (1). 

In fig.|4], Br(yU — > e^y) is shown as a function of A-j^A 2 , 4 by taking randomly the values of A^ 4 . 
We have also taken typically tan/? = 5, v% — 500GeV, m = 300GeV, ao = 1, mj = 300GeV, 
Mi = lOOGeV, A 3 = 0.8 and A 4 = 0.7. It is clearly observed in fig.|] that Br(/x — > ej) is 
roughly proportional to (A^A 2 , 4 ) 2 , as indicated in eq.([5^). It is interesting to observe in 
fig.[| that Br(/i — > ej) becomes comparable to the experimental bound 1.2 x 10 -11 [14] for 
the rather small ordinary-exotic couplings (A^A 2 , 4 ) 1 / 2 ~ 0.02 with the moderate value of 
tan/3 ~ 5. 

The relation between Br(/z — > ej) and the gravitino mass mo is shown in fig.|5| for mo < 
3TeV with somewhat larger A?> 4 = 0.07, where the other parameters are taken typically as 
tan/3 = 5, v 3 = 500GeV, a = 1, m x = lOOOGeV, M L = lOOGeV, A 3 = 0.8 and A 4 = 
0.7. It is here noticed that cancellation between the neutralino and chargino contributions 
occurs for certain values of mo, where Br(/i — > ej) becomes substantially small. It is also 
remarkable in the model (2) that even for the relatively large soft supersymmetry breaking 
with mo ~ 1 TeV, Br(/x — > e'j) can be comparable to the experimental bound by taking the 
relatively large ordinary-exotic lepton couplings A?f ~ 0.1. 

We have also the supersymmetric contributions to r — > cy and r — > fi-y, which are 
estimated in eq. (|5lD by replacing m M with m T and the A?> 4 couplings. The resultant branching 
ratios of r — > &y and r — * /ry are similar to that of /i — > ej, since they are almost independent 
of m T in this case. Therefore, by considering the experimental bounds on the branching 
ratios, the \i — > &y seems to be more promising to observe the lepton flavor violation in the 
model (2) with the bare mass term, if the ordinary-exotic lepton couplings A?> 4 are comparable 
each other. 

The possible contributions of the A2 coupling to the flavor violation in the quark sector 
are estimated in this model (2) as follows. We have here the significant left-handed squark 
mixings such as (M^^ju/ml ~ A3, 4 A 2 , 4 , which is the same as the left-handed slepton mixings 
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given in eq. (|50|) . Then, a constraint Ajj^A 2 . 4 ^10 2 is placed from the K°-K° system [16 . 
This constraint is, however, less stringent than that from the y — ► ej. 



IV. SUMMARY 

In summary, we have investigated the lepton flavor violating processes, especially the 
fi — > &y decay, which are obtained from the mixing between the ordinary leptons and the 
vectorlike leptons. Although the lepton FCNC's appear at the tree level, their effects are 
small naturally because of the hierarchy of the charged lepton masses. Hence, the fine tuning 
of parameters is not necessary to suppress the FCNC's sufficiently In the supersymmetric 
model, significant effects of lepton flavor violation are obtained from the slepton mixing 
which is generated by radiative corrections with the ordinary-exotic lepton couplings. In the 
model (1) without the bare mass term of the vectorlike lepton doublets, the supersymmetric 
contributions to the \i — > ej decay are rather suppressed by m e as well as m M due to the 
approximate U(l) e x U(l) symmetry, which is similar to the gauge boson mediated contri- 
butions. It is, however, remarkable that these supersymmetric contributions to Br(/x — > ej) 
are substantially enhanced by the factor tan 6 (3 compared to the gauge boson mediated con- 
tributions. Then, if tan/3 is larger than 20, Br(/x — > ej) might be comparable to the present 
experimental bound. In the model (2) with the bare mass term, much larger contributions 
to Br(/i — > cy) are obtained through the slepton mixing. In either case we have shown that 
the slepton mixing contributions to the /i — > e-y decay can be large enough to be observed 
in the near future experiments. It should also be noted that in the model (1) the r — > yq 
decay may be more promising as seen in eq. (f48|) . 

The discovery of fi — > ey clearly indicates the new physics. The supersymmetric con- 
tributions to the fj, — > ey decay have been considered so far in the literature for other 
supersymmetric models such as the SUSY GUT |3|, |, [| and the MSSM with right-handed 
neutrinos @, 0, §■ The predictions of Br(/i — > ej) in these models are within reach of the 
future experiments. These are, however, the effects of ultra high energy physics much above 
the electroweak scale. In the supersymmetric model with vectorlike leptons, which may be 
motivated by the Eq type unification, the significant contributions to the y — > &y decay 
can be obtained due to the exotic leptons and their scalar partners which exist just around 
the electroweak scale. Therefore, the direct experimental search is feasible for these new 
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particles |12, [17| . It is also observed in the model (2) with the bare mass term of vectorlike 



leptons that even if the soft supersymmetry breaking scale is around 1 TeV, Br(/i — > erf) 
can be comparable to the current experimental bound with relatively large ordinary-exotic 
lepton couplings. These features are salient to the supersymmetric model with vectorlike 
leptons in contrast to the other supersymmetric models. 
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FIG. 1: One-loop diagrams for the /i — * cj process mediated by the slepton mixing. 
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FIG. 2: The relation between Br(/x — ► erf) and A^ 4 A| 4 is plotted in the model (1) for tan/? 
The points represent the branching ratio for random values of A?, 4 - 
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FIG. 3: The relation between Br(// — ► erf) and tan (5 is plotted in the model (1) for A§ = 0-3. 
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FIG. 4: The relation between Br(/i — > erf) and A^ 4 A| 4 is plotted in the model (2) for tan/3 = 5. 
The points represent the branching ratio for random values of A?> 4 . 
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FIG. 5: The relation between Br(// — ► e^y) and the gravitino mass mo is plotted in the model (2) 
for m < 3 TeV with A| 4 = 0.07 and tan (3 = 5. 
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